(e.g., PH33-3) and those with low ( 230 Th/ 238 U) Ͻ 1.0 (e.g., PH34-1) suggests spatially restricted magma transport routes to the surface for some off-axis volcanism. In addition, near-symmetrical off-axis eruptions in a broad region are more consistent with passive mantle flow driven by plate motion (1, 2) than with active mantle flow driven by buoyancy in a narrow region (about a few kilometers).
binocular microscope to avoid oxides or alteration coatings, ultrasonically cleaned, and then ground by hand in an agate mortar. Picked glass was then leached in a 1:1 mixture of 30% H 2 O 2 and 2.5 M HCl for 10 min at room temperature to efficiently dissolve and remove Mn oxides without affecting Th/U ratios. Samples for U-Th isotope analyses were spiked with a 233 U- 229 Th spike and dissolved in a HFHClO 4 -HCl-HNO 3 mix, and samples for Pb isotope analyses were dissolved in a HF-HBr mix. Th isotopes were measured by ISOLAB 54, and U and Pb isotopes were measured by MAT 262 RPQII. Chemically purified Th was loaded with colloidal graphite onto a pyrolitically coated graphite rod and ionized with a primary Ar ϩ ion beam. This technique yields high Th ionization efficiencies (0.5 to 2%). Repeat analyses of a Th standard solution WUN-1 yielded a mean of 4.297 Ϯ 0.045 ϫ 10 Ϫ6 (2) for ( 230 Th/ 232 Th) atomic ratios. U, loaded with colloidal graphite, was ionized on a single Re filament, and the ( 235 U/ 238 U) ratio was used to correct for mass fractionation. Pb samples were loaded with concentrated silica gel onto single Re filaments. Pb isotope data were corrected for fractionation of 0.13% per atomic mass unit for 206 The observation of small gullies associated with recent surface runoff on Mars has renewed the question of liquid water stability at the surface of Mars. The gullies could be formed by groundwater seepage from underground aquifers; however, observations of gullies originating from isolated peaks and dune crests question this scenario. We show that these landforms may result from the melting of water ice in the top few meters of the martian subsurface at high obliquity. Our conclusions are based on the analogy between the martian gullies and terrestrial debris flows observed in Greenland and numerical simulations that show that above-freezing temperatures can occur at high obliquities in the near surface of Mars, and that such temperatures are only predicted at latitudes and for slope orientations corresponding to where the gullies have been observed on Mars.
The observation of small gullies on Mars was one of the more unexpected discoveries of the Mars Observer Camera (MOC) aboard the Mars Global Surveyor spacecraft (1) . The characteristics of these landforms suggest the local occurrence of a fluid emanating from alcoves located mostly in the upper part of poleward-facing slopes at mid-and high latitudes. Thick accumulations of debris cover the bases of escarpments, whereas the upper parts of the walls have generally steep slopes that are dissected by funnels (Fig. 1A) . Malin and Edgett (1) the youngest geological features on Mars (4). On Mars currently, the daily mean temperatures are much lower than 0°C, making it difficult for a significant amount of liquid water to survive at or near the surface. To explain the occurrence of the liquid flow which should have formed these gullies, Malin and Edgett (1) put forward a scenario involving groundwater seepage from a subsurface liquid water reservoir or aquifer located a few hundred meters or less below the surface. However, the process able to maintain such a shallow aquifer at temperatures above the freezing point of water remains unclear. Geothermal heating has been invoked to melt the martian ground ice (5-7), but there is no clear association between the location of debris flows and the general distribution of recent geothermal activity (1). Furthermore, gullies originating from the top of isolated peaks (8) and from the crests of large dark dunes (Fig. 1C) have recently been observed. In these cases, the involvement of a subsurface aquifer is unlikely.
Debris-flow landforms similar to the martian gullies are often observed on Earth. These debris flows consist of a mixture of unsorted rocky material with low water content that forms a muddy slurry which moves downslope (9) . We observed and analyzed periglacial debris flows on the eastern cuesta of Jameson Land (East Greenland) (10, 11) where the mean annual temperature is -8°C. The permafrost is 80 to 220 m thick, and the active layer ( part of the frozen ground thawing in summer) is about 1 m thick. Debris flows usually start from deep alcoves carved into the upper sandstone cornices (Fig. 1B) . These debris flows exhibit single linear channels with lateral ridges (levées) and distal cones or fans like many of the martian gullies (Fig. 1A) . Field observations indicate that the debris flows result from the thawing of snow and ground ice (12) . This process is helped by the action of freeze-thaw cycles, which fracture the rocks and form debris (11, 13) . During the summer, the debris becomes impregnated with liquid water that was produced by the melting of the seasonal snow cover, the interstitial ice within the active layer, and sometimes the underlying permafrost (14 ) . Debris flows are usually initiated when the critical shear stress is reached after the increase of fluid pressure within the layer of weathered debris (15, 16 ) . Nevertheless, debris flows with only 10% water by volume have been reported (9) .
The analogy between gullies on Mars and debris flows in Greenland is striking. Both features exhibit the same length and the same morphology (Fig. 1) . However, the process observed in Greenland cannot occur on Mars as we know it. It is a cold and dry planet where precipitation is negligible. Moreover, most of the observed martian gullies have been found on the southern plateau where, currently, the surface pressure is typically between 500 and 600 Pa, below the triple point of water at 610 Pa. However, higher pressures were possible when Mars's obliquity was higher, as recently as a few hundred thousand years ago (17, 18) , because of the desorption of CO 2 from the high-latitude regolith and the sublimation of the permanent CO 2 ice polar cap (19) . In such conditions, liquid water could probably flow over the length of the gullies, assuming water temperature at or slightly above 0°C (20) . Spacecraft observations and climate models have shown that surface temperatures above 0°C are currently relatively common on Mars during summer afternoons (21) . However, such conditions last for a few hours at most, and only the first few millimeters of the ground can be warmed above the melting point of water. This portion of the ground should be completely desiccated when temperatures increase enough to allow liquid water to be stable.
To melt water ice in the deeper subsurface, daily average temperatures above 0°C are necessary, so that the thermal wave can propagate to a significant portion of the ground. To investigate where such conditions could be or could have been achieved on Mars, we performed calculations of the surface and subsurface temperature on Mars for various latitudes, obliquities, surface slope angles, and orientations. For this purpose, we used a one-dimensional version of a global climate model (22) . In this version, the diurnal and seasonal evolution of the surface and subsurface temperatures is governed by the balance between radiative and turbulent fluxes, thermal conduction in the soil, and CO 2 condensation and sublimation when necessary. This model has been extensively validated through comparisons with available spacecraft observations (23) . For the present work, we added the capability to compute the ground temperature on a slope (24) and performed all of our calculations assuming surface, atmosphere, and orbit characteristics typical of Mars today (25) . These calculations reveal that the only places on Mars where the daily mean temperature has been above the melting point of water during the past obliquity cycles are the mid-and high latitudes above 30°, especially on polewardfacing slopes around the summer solstice (Fig. 2) . The corresponding thermal wave could have melted the ice down to 10 to 50 cm, depending on the conductivity assumed for the subsurface (Fig. 3) . The fact that poleward-facing slopes receive more sunlight and get warmer at high obliquity in the sum- mer is due to the pole being tilted toward the sun. This preferential orientation and the latitudinal distribution of the warmest near-surface temperature coincide with the location of the observed martian gullies, suggesting a link between near-surface warming and debris flows. To further test this hypothesis, we performed a more detailed comparison between model and observations. We determined the orientation of 213 gullies identified in the MOC images data archive in the southern hemisphere [Web fig. 1 (26) ]. At latitudes from 28°S to 40°S, almost all gullies face south (including southeast and southwest) with only 4% facing east. This agrees with the model, which predicts surface melting only for south-facing slopes at these latitudes ( Fig. 2A) . From 40°S to 60°S, 33% of the gullies are oriented east or west, but the south direction remains strongly dominant (55%) compared to the north (11%). In polar regions (60°S to 80°S), 35% of the gullies face north and 58% face south. This agrees with the model, which predicts that daily average temperatures above 0°C are also possible on both south-and north-facing slopes poleward of 60° (Fig. 2B) .
Water is expected to have been present in the near subsurface at the location of the gullies when the obliquity was high. Mars at high obliquity was a relatively water-rich world because of the increased summertime sublimation of the water residual cap (27) (28) (29) . Three-dimensional general circulation model simulations of the water cycle at 45°o bliquity predict a column of atmospheric water vapor larger than 1000 precipitable micrometers around summer solstice in the southern hemisphere, compared to about 20 precipitable micrometers today (28) . In such conditions, Mellon and Jakosky (29) have shown that, on average, water ice is expected to accumulate in the top few meters of the regolith up to 5 to 15 cm below a flat surface for obliquities larger than about 30°. On a poleward-facing slope at mid-and high latitude, water ice should get even closer to the surface because the annual mean temperature is lower than that on a flat surface. Water ice accumulates during most of the year when the ground temperature is low. Water can come from the atmosphere, the seasonal caps, and from the ice-rich subsurface because it is then warmer than the surface (Fig. 3B) (29) . Around the summer solstice, the near-surface ground which is progressively warmed toward 0°C may tend to lose the water trapped in its pores through the diffusion of H 2 O molecules into the atmosphere. However, on poleward-facing slopes, the seasonal CO 2 ice layer accumulated during fall and winter maintains the surface at the low CO 2 frostpoint temperature until late spring (Fig. 3 ). The solar flux is then already strong. The disappearance of CO 2 ice allows a sudden warming of the surface and of the near subsurface which reach 0°C in a few days (Fig.  3 ). If any water is then present in the soil, it may not have time to completely diffuse out of the ground, especially because the atmospheric water content is then near its peak (diffusion primarily depends on the groundatmosphere water density gradient).
Mars at high obliquity was a planet different than that of today, on which periglacial Fig. 2 . Maximum of the daily average temperature on Mars (A) at 40°S latitude as a function of obliquity and slope, (B) the same at 70°S latitude, and (C) on a 30°pole-ward-facing slope typical of the location of the martian gullies. The daily average temperature is usually close to the subsurface temperature at depth z 1 as defined in Fig.  3 . Above-freezing temperatures are predicted for obliquities above 33°o n poleward-facing slopes at mid-and high latitudes, exactly where the gullies are found on Mars. Fig. 3 . Seasonal evolution of the surface and subsurface temperature on a 30°poleward-facing slope at 50°S latitude on Mars with an obliquity of 45°, as has often occurred on Mars, the last time possibly being about 6 million years ago (17, 18) . Solar longitude is 0°at the northern vernal equinox, and 270°at southern summer solstice. Solid lines show the daily average, minimum, and maximum surface temperatures. Dashed and dotted lines show the evolution of the daily maximum of the subsurface temperature at depth "z 1 " and "z 2 " corresponding to the skin depth for periods of 4.67 and 32.4 martian days (sols), respectively. z 1 phenomena, such as debris flows formed by melting of near-surface ground ice, were possible. In practice, such debris flows may have only occurred in some favored areas, because a relatively large amount of water is required in combination with the presence of cohesionless material (in East Greenland, debris flows are not generalized but only occur where large amount of debris is produced). Nevertheless, the possible presence of limited amounts of liquid water in the near surface at mid-and high latitudes predicted by our model have interesting consequences. It could induce freeze-thaw cycle erosion on Mars, and explain the polygons and patterned ground observed on MOC images (8) around 60°latitude, which look similar to terrestrial polygons related to the seasonal thawing of ground.
